yet the molecular consequences of less than 10% of these variants are understood. 6 The need to overcome this gap in knowledge is urgent, particularly given the recent success in developing drugs that target the basic defects caused by CFTR mutation. VX-770 (or Ivacaftor) has been approved in North America and Europe as a drug for patients bearing the relatively rare mutation: p.Gly551Asp. 7, 8 The p.Gly551Asp mutation causes defective channel gating, [9] [10] [11] and VX-770 is thought to be effective in partially restoring lung function in patients with p.Gly551Asp because it enhances the channel activity of this mutant. [12] [13] [14] [15] The most common mutation in Europe and North America, p.Phe508del, has been studied extensively and has been found to impair CFTR protein folding during synthesis. [16] [17] [18] [19] Knowledge regarding the molecular defects caused by p.Phe508del has driven the development of targeted, interventional compounds, such as VX-809 (or Lumacaftor). Although VX-809 has shown promise in partially ameliorating the protein folding defect caused by p.Phe508del in vitro, it is yet to be determined if it will have clinical efficacy in combination with VX-770 in a phase III clinical trial. [20] [21] [22] The development of these drugs highlights the therapeutic relevance of understanding the basic defects caused by mutation. Unfortunately, a small percentage of the documented CFTR variations have been interrogated with respect to their consequences on CFTR protein folding and/or function. Coupled with global excitement about the therapeutic potential of small molecules, including VX-809 and VX-770, there is a growing demand to determine whether patients with rare CFTR variants will be effectively treated with these new drugs.
Original research article
A recent, large-scale study showed that individuals in North America and Europe bearing the rare variant c.3700 A>G, predicted to cause the missense mutation p.Ile1234Val or alternative splicing, exhibited variable CF disease severity. 6 This variant, although rare in North America (present in only 15 patients, http://cftr2.org), is relatively common in the Middle East. Statistics from the World Health Organization (http://www. who.int/genomics/publications) report p.Ile1234Val as the second most common CF-causing mutation in the Middle East (12.3% occurrence in patients from Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia, and United Arab Emirates), with the exception of two countries, Bahrain and Israel, in which the occurrence is less than 3.8 and 0.06%, respectively. The mutation 1548delG is most common in these seven countries (17.2%), whereas 2043delG is most common in Bahrain (30.8%) and W1282X is most common in Israel (36.1%). Furthermore, the c.3700 A>G (p.Ile1234Val) mutation is specific to Middle Eastern individuals originating from Bedouin tribes, and although diagnostic tests are sensitive enough to identify this mutation at an early age, currently there is no effective treatment for patients with this CF-causing genotype. 23 Interestingly, Sosnay et al. 6 recently showed that there were no functional consequences of introducing the missense mutation (p.Ile1234Val) in CFTR complementary DNA (cDNA) with respect to CFTR protein synthesis, processing, and/or function. Because these cell biological findings are discordant with the clinical phenotype and defective CFTR function in in vivo measurements, we were prompted to test the effect of this variant on splicing.
In this study, we show that the c.3700 A>G variant caused aberrant splicing leading to the in-frame deletion of six amino acids (p.Ile1234_Arg1239del) in a conserved region of the CFTR protein and that this deletion leads to its misfolding during synthesis, as in the case of p.Phe508del. These insights led us to test the efficacy of an investigational compound in trials for p.Phe508del and we found that, in cell culture, VX-809 (Lumacaftor) partially ameliorated the folding defect of p.Ile1234_Arg1239del-CFTR. Hence, these studies support the rationale for defining the molecular consequences of rare CFTR mutations in guiding decisions regarding future therapeutic interventions.
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Clinical studies
The pancreas status was determined by measuring fecal elastase concentration in stool. The sweat chloride test was performed using standardized protocol (Wescor, Logan, UT). Nasal potential difference measurements allowed assessment of CFTR function as change (Δ) in potential difference following chloride-free and isoproterenol perfusion (ΔCl-free+Iso) in the presence of amiloride. Sweat gland potential difference was measured between a topically placed electrode and a subcutaneously inserted needle following sweat stimulation by pilocarpine iontophoresis. Finally, the β-adrenergic sweat secretion rate was assessed using an evaporimeter (CyberDerm RG-1; Dasylab, Broomall, PA) and following a sweat stimulation sequence of (i) cholinergic secretion with carbachol (0.01 mg; Alcon, Mississauga, ON, Canada); (ii) inhibition of cholinergic secretion with atropine (8.8 mg; Sandoz; Boucherville, QC, Canada); and (iii) pure β-adrenergic secretion with a cocktail containing 8.8 mg atropine, 4.4 mg isoproterenol hydrochloride (Sandoz), and 0.93 mg aminophylline (Hospira, Saint-Laurent, QC, Canada), as described previously.
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Genomic mutation analysis
Genomic DNA from peripheral leukocytes from the patient was analyzed by direct sequence analysis. All exons and flanking intron sequences of CFTR (NM_000492.3) were sequenced both in forward and reverse directions. Sanger sequencing was performed according to standard protocols using BigDye terminator v1.1 (Life Technologies, Carlsbad, CA), and sequencing products were separated on an ABI model 3730 Capillary Sequencer (Life Technologies) and analyzed using SeqPilot software (JSI Medical Systems, Kippenheim, Germany). Exons are numbered based on traditional numbering. Sequence nomenclature is based on the recommended nomenclature of the Human Genome Variation Society.
Reverse transcriptase-polymerase chain reaction analysis
Total RNA was extracted from nasal epithelial cells of the patients homozygous for c.3700 A>G using PerfectPure RNA cultured cell kit (5Prime, Hamburg, Germany) according to manufacturer's protocol. RNA was then transcribed into cDNA using SuperScript first-strand synthesis system for reverse transcriptase-polymerase chain reaction (PCR; Invitrogen, Carlsbad, CA) using manufacturer's protocol. Primers amplifying the entire CFTR transcript as a series of overlapping fragments were designed. Standard PCR conditions were used. Primer sequences are available on request.
Generation of mutant CFtR constructs
p.Ile1234Val-CFTR was generated in human wild-type (WT)-CFTR cDNA (pcDNA3.1) by Norclone Biotech Laboratories (London, ON, Canada). p.Ile1234_Arg1239del-CFTR was generated in human WT-CFTR cDNA (pcDNA3.1), using the KAPA HiFi HotStart PCR Kit (KAPA Biosystems, Woburn, MA). The deletion was generated using the following primers: 5′-CAT ATT AGA GAA CAT TTC CTT CTC AGT GGG CCT CTT GGG AAG AAC TGG ATC-3′ (sense); and 5′-GAT CCA GTT CTT CCC AAG AGG CCC ACT GAG AAG GAA ATG TTC TCT AAT ATG-3′ (antisense). Plasmid DNA was prepared using the GenElute Plasmid Miniprep Kit (Sigma, St Louis, MO), and the presence of the deletion, as well as the integrity of CFTR cDNA, was confirmed by DNA sequencing (TCAG, Toronto, ON, Canada).
studies of CFtR protein processing and function
Human embryonic kidney cells were transiently transfected with WT-CFTR or p.Ile1234Val-CFTR using PolyFect Transfection Reagent, according to the manufacturer's protocol (Qiagen, Venlo, The Netherlands). Baby hamster kidney (BHK) cells were transiently transfected with WT-CFTR or Human embryonic kidney cells expressing WT-CFTR or p.Ile1234Val-CFTR and BHK cells expressing WT-CFTR, p.Phe508del-CFTR, or p.Ile1234_Arg1239del-CFTR were grown at 37 °C for 24 h and subsequently lysed in modified radioimmunoprecipitation assay buffer (50 mmol/l Tris-HCl, 150 mmol/l NaCl, 1 mmol/l ethylenediaminetetraacetic acid (pH 7.4), 0.2% (v/v) sodium dodecyl sulfate, and 0.1% (v/v) Triton X-100) containing a protease inhibitor cocktail (Roche, Indianapolis, IN) for 10 min, and the soluble fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 6% gels. After electrophoresis, proteins were transferred to nitrocellulose membranes and incubated in 5% (w/v) milk. CFTR bands were detected using the human CFTR-NBD2-specific 25 (amino acids 1204-1211) murine monoclonal antibody 596 (1:30,000, University of North Carolina at Chapel Hill, Chapel Hill, NC) and horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (1:5,000) and subsequently exposed to film for 0.5-5 min as required. Calnexin was used as a loading control and was detected using a calnexinspecific rabbit antibody (1:5,000, Sigma) and horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:5,000) and subsequently exposed to film for 0.5-5 min as required. Relative levels of CFTR proteins were quantitated by densitometry of immunoblots using ImageJ 1.42 Q software (National Institutes of Health, Bethesda, MD), and reported values were normalized to calnexin expression levels.
To evaluate protein glycosylation status, BHK cells expressing WT-CFTR, p.Phe508del-CFTR, or p.Ile1234_Arg1239del-CFTR were grown at 37 °C for 24 h and subsequently lysed in modified radioimmunoprecipitation assay buffer as described above. Lysates were treated with either endoglycosidase H or peptide-N-glycosidase F (both from New England Biolabs, Ipswich, MA) according to the manufacturer's protocol. Immunoblots were obtained using the human CFTR-NBD2-specific murine monoclonal antibody 596 as described above.
To test function, human embryonic kidney cells overexpressing WT-CFTR or p.Ile1234Val-CFTR were grown in 12-well plates, and on formation of a monolayer, the cells were incubated overnight with 10 mmol/l of the halide-sensitive fluorophore 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ; Invitrogen Molecular Probes, Carlsbad, CA), at 37 °C and 5% CO 2 . The next day, the cells were washed three times with phosphate-buffered saline to make the extracellular fluid free of SPQ. Cells were then kept in chloride-containing physiological solution, Hank's buffered saline solution. Fluorescence measurements were made using Gemini EM Fluorescence microplate reader (Molecular Devices, Sunnyvale, CA). Intracellular SPQ was excited at 350-nm wavelength and the emission was measured at 450 nm, reporting chloride concentration. After reading baseline fluorescence in presence of physiological solution, a chloride gradient was established via exchange of the extracellular solution with a chloride-free, nitrate-containing buffer (NaNO 3 : 136 mmol/l, KNO 3 : 3 mmol/l, Ca(NO 3 ) 2 : 2 mmol/l, glucose: 11 mmol/l, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES): 20 mmol/l (pH 7.2 and osmolarity 300 mOsm)). CFTR was stimulated using the cyclic adenosine monophosphate (cAMP) agonist forskolin (10 μmol/l). After reaching equilibrium for chloride flux, the extracellular solution was replaced with physiological solution containing chloride, allowing SPQ to quench. The fluorescence measurements are expressed as the change in fluorescence relative to the fluorescence measurement just before CFTR stimulation. Data are summarized as initial rate of change in relative fluorescence units in the first 4 min of stimulation. Each condition was repeated with at least four technical replicates on the same plate, and a total of at least three biological replicates were conducted per condition.
data analysis
All data are represented as mean ± SE. Prism 4.0 software (GraphPad Software, San Diego, CA) was used for statistical analysis. Nonpaired Student's t-tests, one-way analysis of variance, and two-way analysis of variance were conducted as appropriate, and P values less than 0.05 were considered significant. Each experiment was replicated at least three times.
ResULts siblings in a Qatari family homozygous for the CFTR variant c.3700 A>G exhibit clinical features of CF and lack of CFtR function in in vivo measurements
A 27-year-old man and his 15-year-old sister, both from Qatar and homozygous for the mutation c.3700 A>G (p.Ile1234Val), presented for further CF diagnostic evaluation. The man, patient 1, was diagnosed at 4 months of age and had experienced recurrent lung infection over the years. He was hospitalized twice, at the ages of 13 and 15 years, for acute pulmonary exacerbation. In addition, he was recently admitted at the age of 27 years for mild hemoptysis. Sputum cultures grew Staphylococcus aureus and Haemophilus influenzae repeatedly. More recently, his sputum grew Mycobacterium abcessus. His lung function was always within normal ranges. His pancreas function had been progressively worsening, as indicated by decreased fecal elastase levels (122 μg EL/g stool). His sweat chloride concentration was 90 mmol/l (CF diagnostic cutoff >60 mmol/l). 26 The sister, patient 2, was diagnosed at 2 months of age due to family history, persistent cough, and failure to thrive. She
Original research article showed a similar disease course and remained pancreatic sufficient. She had experienced multiple chest infections and had been hospitalized several times for more severe pulmonary exacerbations. Her sputum cultures grew S. aureus, H. influenza, and Streptococcus pneumoniae repeatedly. Her lung function also was maintained in the normal range. Her sweat chloride concentration was 74 mmol/l, greater than the CF diagnostic cutoff. 26 Due to the discrepant findings between clinical presentation and the biological evaluation of the CFTR mutant c.3700 A>G, we decided to perform additional functional tests. Nasal potential difference measurements demonstrated a ΔCl-free+Iso result of 1.8 mV in patient 1 and −7.4 in patient 2, compatible with ΔCl-free+Iso values seen in CF (Figure  1a) . However, the ΔCl-free+Iso result of patient 2 was close to our institutional borderline cutoff of −7.5 mV, suggesting presence of some residual CFTR function. The potential difference measured in the sweat glands was hyperpolarized, as demonstrated for patients with CF. However, it was more negative in patient 2 (−47.2 mV) compared with patient 1 (−35.8 mV), for whom it was in a more borderline range. The β-adrenergic sweat secretory test demonstrated complete absence of β-adrenergic sweat secretion for patients 1 and 2 (Figure 1b) .
determining the consequences of p.Ile1234Val on CFtR folding, processing, and function
The CFTR variant c.3700 A>G has been predicted to create a missense mutation (p.Ile1234Val). We expressed a missense mutant construct in mammalian cells and found that CFTR protein processing was similar to that of WT-CFTR in that the protein was expressed as both the Golgi-modified, complex glycosylated, band C (migrating as broad band of 170 kDa) as well as the endoplasmic reticulum-modified, core glycosylated, band B (migrating as a sharper band of 150 kDa) (Figure 2a) . Function of the missense mutation as a cAMP-activated chloride channel was compared with that of the WT-CFTR using a fluorescence-based assay. The fluorescence intensity of SPQ is sensitive to halide concentrations and can be loaded into cells to monitor transmembrane chloride ion fluxes in response to agonists of cAMP, namely forskolin, and the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX). In the presence of an outwardly directed chloride gradient, the addition of the above agonists caused an increase in SPQ fluorescence in cells expressing WT-CFTR (Figure 2b) . Therefore, this mutation caused no change in the CFTR protein folding, processing, or function, showing that it does not account for the disease phenotype.
Routine diagnostic testing by direct sequence analysis of genomic DNA from peripheral leukocytes revealed a homozygous sequence alteration (c.3700 A>G) in the patients with no additional known disease-causing mutations. Although sequence change was predicted to cause an isoleucine to valine substitution at position 1234, in silico splicing analysis suggested that the mutation might affect splicing of exon 19 to exon 20, with deletion of 18 bp (5′-ATA AGT CCT GGC CAG AGG-3′), coding for residues 1234-1239. To evaluate whether this sequence variant had a functional impact on splicing, we performed analysis of mRNA from nasal epithelial cells of the patients. Amil. 0Cl Iso.
Patient #2
Chol. Reverse transcriptase-PCR was performed using primers that amplified all exons in overlapping fragments of the CFTR transcript. One of the fragments containing exons 18-21 showed a slightly smaller size compared with that of a normal control visualized on an agarose gel (Figure 3a,b) . Direct sequence analysis of the smaller-sized fragment generated from the patient revealed a deletion of the last 18 bp of exon 19, r.3700_3717del, with little or no WT transcript (Figure 3c) . This indicates that the c.3700 A>G substitution identified in the genomic DNA results in aberrant splicing of the CFTR transcript, by activating a cryptic donor splice site 18 bp upstream of the original donor splice site (Figure 3d) . The 18-bp deletion removes six amino acids (p.Ile1234_Arg1239del) in the second nucleotide-binding domain (NBD2) of the CFTR protein.
To determine the structural and functional consequences of this deletion, it was introduced in human WT-CFTR cDNA and expressed in mammalian cells. We found that similar to p.Phe508del, p.Ile1234_Arg1239del-CFTR is misprocessed and likely retained in the endoplasmic reticulum as it fails to express complex glycosylation (Figure 4a) . However, the band C/(band B + band C) ratio, an indicator of CFTR processing, suggested that p.Ile1234_Arg1239del-CFTR is less severe than p.Phe508del because it had a significantly (P < 0.01) greater ratio (Figure 4a) . Similar to p.Phe508del, the major form of p.Ile1234_Arg1239del-CFTR was found to be sensitive to endoglycosidase H, indicative of core glycosylation and retention in the endoplasmic reticulum (Figure 4b) . However, similar to WT-CFTR, the heavier form of p.Ile1234_Arg1239del-CFTR was insensitive to endoglycosidase H yet sensitive to peptide-N-glycosidase F, indicative of complex glycosylation (Figure 4b ). Further, we tested the effect of a therapeutic small molecule currently in clinical trials for p.Phe508del patients (a corrector compound, VX-809 or Lumacaftor) and found that it partially rescued the p.Ile1234_Arg1239del processing defect to a level comparable with that of p.Phe508del rescued by Lumacaftor (P < 0.01; Figure 4c ).
dIsCUssIOn
This study highlights the importance of interrogating the consequences of CF-causing mutations using multiple research tools to develop rational therapeutic strategies. Adjunctive functional in vivo tests, i.e., nasal potential difference measurements and the novel β-adrenergic sweat secretion assay, 24 confirmed that the variant c.3700 A>G led to reduced CFTR channel function on the apical membrane of these CF-affected tissues. This clinical phenotype is incompatible with the prediction that this variant caused the missense mutation, p.Ile1234Val. Cell-based studies of the predicted missense mutation introduced into CFTR cDNA showed that the predicted missense mutation, p.Ile1234Val, caused no apparent defects in protein folding, processing, or function. These findings prompted a detailed analysis of the entire CFTR gene and CFTR mRNA obtained from the nasal epithelium of a homozygous patient with the detection of aberrant splicing. We found that this variant caused aberrant splicing, with the deletion of six residues (p.Ile1234_Arg1239del) in a conserved region of the CFTR protein. Interestingly, deletion of this region of CFTR resulted in defective folding and processing, a proteinprocessing defect similar to that exhibited by p.Phe508del. This comparison motivated studies of Lumacaftor, a compound currently in clinical trial for patients with the p.Phe508del mutation and shown in cell culture to partially rescue the processing defect of p.Phe508del-CFTR. Importantly, a partial rescue was also induced by Lumacaftor of the p.Ile1234_Arg1239del-CFTR mutant in a heterologous expression system, and this finding motivates our future work to determine the extent of functional rescue that can be mediated by this compound in epithelial tissues derived from patients with this mutation.
the effect of p.Ile1234_Arg1239del on protein folding and processing is consistent with bioinformatics predictions
Examination of homology models and bioinformatics analyses predict that p.Ile1234_Arg1239del will cause significant WT-CFTR and p.Ile1234Val-CFTR were expressed as both the Golgi-modified, complex glycosylated (mature) band C form (broad 170-kDa band) as well as the endoplasmic reticulum-modified, core glycosylated (immature), band B form (sharp 150-kDa band). Maturation (expressed as percentage of band C/ (band B + band C)) of WT-CFTR and p.Ile1234Val-CFTR was quantified for three independent trials, and there was no significant difference between the two (P > 0.05). (b) Fluorescence-based anion flux assay in HEK cells show WT-CFTR and p.Ile1234Val-CFTR function after stimulation using a cAMP agonist (gray bar, forskolin, 10 μmol/l) or vehicle (dimethyl sulfoxide) alone (empty bar). Flux responses in the first 4 min after cAMP stimulation (reported as an initial rate of change in relative fluorescence units (RFU)) for WT-CFTR and p.Ile1234Val-CFTR were quantified for three independent trials (four technical replicates each trial), and there was no significant difference between the two (P > 0.05). Ctl, control; SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium. Gln1238X) , and c.3717G>C (p.Arg1239Ser). These mutations were each found in one or two individuals of European descent (i.e., Belgian, Spanish, French, and English), and the clinical presentation varied from a mild phenotype, in which the mutation was detected at 40 years of age (p.Gly1237Ser), with pancreatic sufficiency and forced expiratory volume in 1 s >70%, to a more severe CF phenotype (p.Gln1238X, in trans with p.Phe508del) that was diagnosed at birth and manifested with pancreatic insufficiency. These findings suggest that this region of NBD2 is mutation sensitive. Importantly, because the current studies show that the variant c.3700 A>G caused CF disease because it led to aberrant splicing and not the missense mutation predicted, we suggest that the molecular consequences for all of these variants should be interrogated in detail.
Future studies are required to understand the genotypephenotype relationship
Both individuals exhibited pancreatic sufficiency at the time of the study, consistent with a relatively mild form of CF and possibly modest residual CFTR function. The capacity for patients bearing the mutation c.3700 A>G to exhibit residual CFTR function is yet to be rigorously tested. We tested the propensity for normal RNA splicing in one of the patients, as shown in Figure 3 . Only the aberrantly spliced CFTR mRNA was detected; hence, the mild pancreatic disease exhibited by the homozygous patients described in this study is unlikely to be conferred by modest expression of the normal transcript. This does not rule out the possibility that the propensity for normal RNA splicing may be different in pancreatic tissue or that other patients with this mutation may exhibit some disposition for normal RNA processing. In addition, modifier genes have been shown to be important contributors to lung and pancreatic disease. 28, 29 Polymorphisms in SLC26A9 have been shown to be associated with CF-related diabetes and meconium ileus. 28, 29 In our future work, it will also be important to determine the Original research article SLC26A9 genotype in a larger number of patients with the c.3700 A>G mutation in CFTR to examine the contribution of this modifier gene to exocrine pancreas function. Currently, we are developing the methods necessary to measure the residual function in epithelial cultures from patients with this rare mutation. Whereas Ussing chamber studies of residual function conferred by p.Phe508del (or e.g. 3849+10kbC>T) in respiratory epithelia are possible using primary cultures derived from transplanted lungs, this is not possible for studies of the c.3700 A>G mutation because lung transplantation is not performed for CF patients in Qatar. 30 There is optimism that recent advances in stem cell biology will enable the generation of epithelial tissues from patients with rare CFTR mutations and that such cultures will provide insight into consequences of rare CFTR mutation in epithelial transport function. (a) Immunoblots show steady-state levels of wild-type (WT)-CFTR, p.Phe508del-CFTR, and p.Ile1234_Arg1239del-CFTR in baby hamster kidney (BHK) cells after 24 h at 37 °C. WT-CFTR was expressed as both the Golgi-modified, complex glycosylated (mature) band C form (broad 170-kDa band) and the endoplasmic reticulum-modified, core glycosylated (immature), band B form (sharp 150-kDa band). p.Phe508del-CFTR and p.Ile1234_Arg1239del-CFTR were expressed primarily as the immature, band B form. Maturation (expressed as percentage of band C/(band B + band C)) of WT-CFTR, p.Phe508del-CFTR, and p.Ile1234_Arg1239del-CFTR was quantified for three independent trials, and a significant difference was found between the mutant proteins (P < 0.01). (b) To evaluate glycosylation status, immunoblots show the sensitivity of WT-CFTR, p.Phe508del-CFTR, and p.Ile1234_Arg1239del-CFTR to endoglycosidase H and peptide-N-glycosidase F. White arrowhead, complex glycosylated; black arrowhead, core glycosylated; gray arrowhead, deglycosylated. (c) Immunoblots show the processing of WT-CFTR, p.Phe508del-CFTR, and p.Ile1234_Arg1239del-CFTR in BHK cells in the absence (dimethyl sulfoxide) and presence of 3 µmol/l Lumacaftor (or VX-809) after 24 h at 37 °C. Equivalent sample loading was confirmed by immunoblots of calnexin protein expression. Maturation (expressed as percentage of band C/(band B + band C)) of p.Phe508del-CFTR and p.Ile1234_Arg1239del-CFTR was quantified for three independent trials, and there was a significant difference between untreated (dimethyl sulfoxide) and Lumacaftor (VX-809)-treated cultures, as indicated by asterisks (**P < 0.01). CFTR, cystic fibrosis transmembrane conductance regulator. In summary, these findings highlight the importance of experimentally verifying the clinical phenotype and the functional consequences of CF-causing variations because such studies will ultimately inform effective medical intervention. The discovery of aberrant splicing leading to deletion of six residues and the encouraging findings in cell culture studies that Lumacaftor (VX-809) partially rescues defective protein folding may have a significant impact on medical treatment of CF in the Middle East, where this mutation affects most patients. Furthermore, we predict that the anticipated consequences of other CF-causing mutations that have not yet been fully characterized in vitro may require investigation into the status of alternative splicing to more effectively treat CF disease in these patients.
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